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Abstract 
Although CO2 underground geological storage has been proposed, it is important for smaller emission sources to 
develop a local and distributed small-scale CO2 underground storage system, too. To examine if it is feasible, CO2 
micro-bubble storage (CMS) as one of the small-scale systems has been studied. As part of this ongoing study, the 
following two subjects were examined: 1) geological conditions appropriate to the CMS and its storage potential in 
Japan; and 2) outline cost estimation of the CMS. Results of this study showed that the CMS system could well be 
feasible technically and economically. 
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As one of the measures against global warming, CO2 underground geological storage (CO2 capture and 
storage: CCS) has been proposed. Currently the CO2 storage in deep saline aquifers greater than 800m in 
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depth seems most popular. Although CO2 can be effectively stored in a dense state in this system, it must 
be sealed by a cap rock, as a sealing layer to prevent CO2 plume from migrating upward by buoyancy. 
The system generally expects storage of CO2 in the order of 1 Mt-CO2 per annum. 
    Unlike such large-scale underground storage systems, termed large scale concentrated CCS here after, 
it is important for smaller emission sources such as hydrogen production plants in oil refineries or 
chemical plants to develop a small but more effective storage scheme in distributed locations to be able to 
minimize storage and transportation costs easily, e.g., by making sinks come close to sources. To examine 
if it is feasible, CO2 micro-bubble storage, termed CMS hereafter, has been studied as a local and 
distributed small-sized CO2 underground geological storage system
 1). In CMS, CO2 micro-bubbles are 
generated to obtain immediate and effective dissolution into water, and the CO2 dissolved water is 
injected underground. 
As part of this ongoing study, the results of the following two subjects are presented in this paper: 1) 
examination of the geological conditions appropriate to the CMS and its storage potential in Japan; and 2) 
outline cost estimation of the CMS.
2. Storage potential 
2.1. Geological condition appropriated for CMS 
CO2 dissolved water is slightly heavier than groundwater, and the chance for CO2 to migrate upward is 
small. It is therefore possible to store CO2 safely at shallower depths, as long as groundwater is not 
domestically used. The storage unit designed in CMS is composed of an injection well of CO2 at the 
center and 4 circumferential wells for pumping up groundwater to be used to dissolve CO2 (Hitomi et al. 
(2012)) 2). 
Taking the above concept of CMS system into consideration, the following geological conditions have 
been specified as examination criteria:  
1) Presence of sealing layer as a caprock for greater safety;  
2) Presence of a highly permeable porous reservoir (e.g., sandstone) and an impermeable layer of low 
porosity as a caprock (e.g., mudstone) in the sedimentary basin; and 
3) Distribution of Neogene to Quaternary Pleistocene sedimentary rocks at depths between 300 and 
500 m. 
There are a number of sedimentary basins containing Neogene to Quaternary Pleistocene sedimentary 
rocks in the coastal areas of Japan. In this study 11 sedimentary basins are selected from those studied by 
RITE / ENAA (2009) 3), including Sothern of Hokkaido, Japan Sea near the coast of Akita, Tokyo Bay, 
Ise Bay, Osaka Bay, Northern and southern Kyushu and the southern part of Okinawa Island, as probable 
promising areas by the existence of sedimentary basins and emission sources (Fig. 1.). The storage 
feasibility of the 11 basins was then evaluated on the basis of their geological stratigraphy, rock facies, 
geological structures and emission sources (Table 1.). Overall three sedimentary basins, including Boso 
Peninsula, Osaka Bay, and Okinawa, were found more promising than the others. When additional 
geological data become available, or caprock layer is proven unnecessary, the number of appropriate 
basins would increase, since almost all of the stored CO2 is kept in dissolution.  
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 Fig. 1. Locations of emission sources and possible promising sedimentary basins considered for CMS in Japan                                 
(quoted from Ogawa et al. (2011) and partly modified) 4)) 
 
2.2. Storage potential 
Among the 11 basins, feasibility of the CMS units was tested at 2 locations (model site A, B) selected 
from a type of emission sources and the above geological property, and at depths between 300 and 500m 
(only in the vicinity of a plant in the site B), storage potentials of 152, and 2.4Mt-CO2 were estimated, 
respectively. 
Possible quantity of storage is estimated by the procedure shown below 1).  
 
Possible Quantity of Storage = Rc × A × h ×  × CO2 concentration                          (1) 
 
           Rc:  Reduction coefficient in consideration of the uncertainty arising from the injection of CO2 
dissolved water, accuracy of geological survey and inhomogeneity of geology, and so on. 
(assumed 0.25) 
           A:  Area of storage aquifer 
           H:  Effective thickness of storage aquifer 
           :  Porosity of storage aquifer 
           CO2 concentration:   (= 0.04t/m
3H2O) 
CO2 concentration is estimated from the pressure and temperature conditions when CO2 is 
stored at the depth of 400meters below the sea level.  
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Table.1 Investigation results of promising sedimentary basins for CMS in Japan   (quoted from ENAA GEC (2012) 1))  
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At model site B, sandstone layers which are targeted for storing CO2 are distributed under the land area
and sea area at and near the oil refinery plant, where they gently dip to the sea. It was possible to set the
storage area in the range of around 2km × 4km in the land and front sea area of the plant (Fig. 2.). For the 
sandstone aquifer, thickness was assumed 100m in the range of 300m to 500m in depth (Fig. 3.). Under 
these conditions, that storage area is 2,000 × 4,000m2 in plane, effective thickness is 100m, and porosity
is 0.3, amounting to a possible storage capacity of 2.4Mt-CO2.
If an injection pressure smaller than 1MPa (low enough not to damage reservoir nor seal layer) is 
applied, an annual injection rate of 10 thousand t-CO2 per year is adequately feasible. Since the calculated 
maximum potential is 150 thousand t-CO2 per a storage unit, two units may be adequate for a storage
period of more than 15 but less than 30 years (Hitomi et al. (2012)) 2).. It may be noted that an annual
storage amount may be increased by increasing the number of units. It appears that the system is
technically feasible.
Oil Refinery
㻙㻟㻜㻜㼙Assumed
storage
extent
㻜 㼙㻤㼗㻞 㻠 㻢
㻙㻡㻜㻜㼙
㻙㻤㻜㻜㼙
㻙㻤㻜㻜㼙
㻙㻤㻜㻜㼙
㻺
Power Plant
Fig. 2. Assumed storage area of the model site B on the plane (quoted from GSJ (1987) 5) and partly modified) 1)
Fig. 3. Assumed geological cross section and storage area of the model site B (quoted from ENAA GEC (2012) 1))
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3. Economical evaluation 
Cost evaluation of the CMS system was carried out, taking construction cost of the storage unit 
facilities into account.  Basic storage unit is comprised of 1-500m long injection well, 4-500m long 
circumferential wells, CO2 and groundwater transportation pipelines, compressor for micro-bubble 
generation on the ground, pumps on the ground and so on. The distance between the injection well and a 
circumferential well, viz., the unit radius is set at 200m. 
The following assumptions were made for the cost evaluation: 
-  Pure CO2 is given from the emission source. Separation and capture cost are not included. 
-  CO2 micro-bubble is generated in the underground.  
-  Pipeline length is short from the emission source to the injection well. 
    Under these conditions, storage cost excluding separation and capture cost was estimated to be about 
JPY4,600 to 6,100/t-CO2 (Table 2.). In trial calculation of CMS, drilling cost, well logging cost, 
monitoring cost, maintenance cost and transportation cost were set and calculated and added up. They 
were calculated in the 2 cases as shown in the Fig. 4., where one is with an annual injection rate of 10 
thousand t-CO2 per year and the other is with rate of 20 thousand t-CO2 per year. In this calculation, 
storage period for one unit was assumed to be 20 years, and the costs of a compressor and the pumps were 
not added because it was thought that it was small. Although equipment cost of large-scale concentrated 
CCS is cheaper than CMS because there is scale effect, total cost for the CMS excluding separation and 
capture cost will become cheaper than large-scale concentrated CCS when transportation cost is 
considered. Rational arrangement of the wells for injection and pumping in storage units may further lead 
to a lower storage cost in the CMS system. 
Furthermore, contribution of CMS to CO2 reduction was compared with those by the large-scale 
concentrated CCS or generation of the renewable energy on a basis of a preliminary cost calculation 
result for the CMS. In this case, generation cost of the renewable energy which provides the same amount 
was found, based on quantity of generation in 1t-CO2 exhausted from the oil fired power station 
(1,420kWh for a discharge coefficient of 0.704kg-CO2/kWh 
6)). The generation unit price by renewable 
energy were quoted from the maximum values in Energy white paper (2008) 7) and the report of energy, 
environmental strategy meeting (2011) 8). The selling of generation unit price of the renewable energy 
was uniformly reduced from generation unit price by JPY25/kWh. CO2 reduction effect in the CMS is 
higher than solar power generation, micro hydro power generation and biomass generation, but is less 
than geothermal generation and wind power generation (Fig. 5.). However this comparison depends on 
the selling of generation unit price of the renewable energy. In addition, the cost of large-scale 
concentrated CCS was quoted from the estimation by RITE (2007) 9), in which 1 Mt-CO2/y was separated 
and captured from domestic new coal fired power station and transported for a distance of 20km and 
stored. The separation and capture cost are not included in CMS because of pure CO2 given from the 
emission source. Although the total cost of CMS becomes higher than large-scale concentrated CCS when 
the capturing cost of large-scale concentrated CCS is just added, the cost increase is not so big. 
 
Fig. 4. Concept of storage unit for trial calculation (Left: Case1, Right: Case2) 
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 Table.2 Trial calculations of the total cost for CMS (quoted from ENAA GEC (2012) 1))  
Fig. 5. Cost required for the reduction for 1 ton-CO2 emission based on (maximum) generation unit price                                            
(quoted from ENAA GEC (2012) 1))
SE1CA
SECA 2
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4. Summary and Conclusions 
As part of this ongoing study, geological conditions appropriate to the CMS and its storage potential in 
Japan were examined, and outline cost estimation of the CMS was carried out. 
From the results of the study, CMS was found to be suitable as a local and distributed small-sized CO2 
underground storage system, for smaller emission sources such as hydrogen production plants in oil 
refineries and other small-scale emission sources which emits the highly concentrated CO2. For practical 
use, additional investigations, such as an effective method of CO2 micro bubble generation in the 
underground, environmental assessment and monitoring, are still remained. They are going to be carried 
out in the near future.  
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